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Abstract

Graphene has superhigh thermal conductivity up to 5000 W/(m-K), extremely thin thickness, superhigh mechanical
strength and nano-lamellar structure with low interlayer shear strength, making it possess great potential in mini-
mum quantity lubrication (MQL) grinding. Meanwhile, ionic liquids (ILs) have higher thermal conductivity and better
thermal stability than vegetable oils, which are frequently used as MQL grinding fluids. And ILs have extremely low
vapor pressure, thereby avoiding film boiling in grinding. These excellent properties make ILs also have immense
potential in MQL grinding. However, the grinding performance of graphene and ionic liquid mixed fluid under nano-
fluid minimum quantity lubrication (NMQL), and its tribological mechanism on abrasive grain/workpiece grinding
interface, are still unclear. This research firstly evaluates the grinding performance of graphene and ionic liquid mixed
nanofluids (graphene/IL nanofluids) under NMQL experimentally. The evaluation shows that graphene/IL nanofluids
can further strengthen both the cooling and lubricating performances compared with MQL grinding using ILs only.
The specific grinding energy and grinding force ratio can be reduced by over 40% at grinding depth of 10 um. Work-
piece machined surface roughness can be decreased by over 10%, and grinding temperature can be lowered over
50 °C at grinding depth of 30 um. Aiming at the unclear tribological mechanism of graphene/IL nanofluids, molecu-
lar dynamics simulations for abrasive grain/workpiece grinding interface are performed to explore the formation
mechanism of physical adsorption film. The simulations show that the grinding interface is in a boundary lubrication
state. IL molecules absorb in groove-like fractures on grain wear flat face to form boundary lubrication film, and gra-
phene nanosheets can enter into the grinding interface to further decrease the contact area between abrasive grain
and workpiece. Compared with MQL grinding, the average tangential grinding force of graphene/IL nanofluids can
decrease up to 10.8%. The interlayer shear effect and low interlayer shear strength of graphene nanosheets are the
principal causes of enhanced lubricating performance on the grinding interface. EDS and XPS analyses are further car-
ried out to explore the formation mechanism of chemical reaction film. The analyses show that IL base fluid happens
chemical reactions with workpiece material, producing FeF,, CrF5, and BN. The fresh machined surface of workpiece
is oxidized by air, producing NiO, Cr,05 and Fe,05. The chemical reaction film is constituted by fluorides, nitrides and
oxides together. The combined action of physical adsorption film and chemical reaction film make graphene/IL nano-
fluids obtain excellent grinding performance.

Keywords Grinding, Nanofluid minimum quantity lubrication, Graphene, Tribological mechanism

*Correspondence:

Changhe Li

sy_lichanghe@163.com

Full list of author information is available at the end of the article

. ©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-023-00894-6&domain=pdf
http://orcid.org/0000-0003-4409-956X

Wang et al. Chinese Journal of Mechanical Engineering (2023) 36:78

1 Introduction

The effective cooling and lubrication in grinding zone are
of great significance to improve the surface integrity of
machined workpiece. Due to existing problems of con-
ventional flood grinding, such as low useful fluid flowrate
[1], high fluid use-cost [2], and high environment and
health risks [3], it is unable to satisfy the requirements
of green manufacturing. Against this background, mini-
mum quantity lubrication (MQL) technique emerges as
The Times require, which possesses the advantages of
high-efficiency, low-consumption, and environmen-
tally-friendly. However, MQL technique is lack of heat
exchange capability and cannot meet the cooling require-
ments in the grinding zone compared with flood grinding
[4]. Therefore, MQL technique still needs to be continu-
ously improved so as to take the place of flood grinding.

1.1 Applications of Graphene in NMQL Grinding

Nanofluid minimum quantity lubrication (NMQL) tech-
nique enhances the heat exchange capability of MQL
technique via using solid nanoparticles. The nanopar-
ticles have high thermal conductivity and possess small
size effect and large specific surface area, and thus can
strengthen the heat conduction and convection processes
in the grinding zone [5]. Further researches indicate that
nanofluids not only can enhance the heat exchange capa-
bility of MQL technique, but also can further improve
the anti-wear and friction-reducing properties [6-8].
At present, the frequently used nanoparticles mainly
include metallic and non-metallic compounds, such as
ALO, [9-11], SiO, [9, 12], CuO [13-15], ZrO, [9], and
MoS, [9, 14, 16], and carbon family materials, such as
diamond [9, 17, 18], carbon nanotube (CNT) [9, 17, 19],
and graphene [20-23]. The nanofluids prepared from
those nanoparticles have their own different cooling and
lubricating properties. Among those nanoparticles, gra-
phene has superhigh thermal conductivity up to 5000 W/
(m-K) [24], higher than other materials of carbon family
and metallic materials like aluminum and copper, making
graphene an ideal material for heat transfer applications.
Meanwhile, graphene has extremely thin thickness that
single layer thickness is just only 0.34 nm [25], making

Table 1 Thermophysical properties of ionic liquids and vegetable oil
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graphene easy to enter into frictional contact interface to
form adsorbed film. In addition, graphene has superhigh
mechanical strength that its intrinsic strength is up to
130 GPa [26], and has nano-lamellar structure with low
interlayer shear strength, making the adsorbed film with
high bearing capacity and low frictional coefficient. These
excellent properties make graphene nanofluids possess
both good heat transfer and tribological properties, and
hence have immense potentials for MQL grinding appli-
cations. Those researches also confirm this viewpoint in
Refs. [20-23].

1.2 Applications of lonic Liquids in Grinding

Ionic liquids (ILs) are a class of organic salts, which are
liquids with melting point close to or below room tem-
perature. The property of being liquid at room tem-
perature and the existence form of only ions make ILs
excellent heat transfer fluids [27]. From Table 1, it can be
found that ILs have higher thermal conductivity and bet-
ter thermal stability compared with vegetable oils, which
are frequently used as MQL grinding fluids. In addition,
ILs have extremely low vapor pressure, and thus can
avoid the occurrence of film boiling in the grinding zone.
Further researches indicate that ILs also have outstand-
ing lubricating property and can easily form boundary
lubrication film on the contact interfaces between multi-
ple friction pairs [33]. Because of successful applications
in the field of tribology, ILs gradually attract the attention
of the field of machining. Existing researches indicate
that ILs exhibit better lubricating property compared
with conventional oil-based cutting fluids, no matter
used as cutting fluids [34] or additives [35, 36]. Benefiting
from their excellent heat transfer and lubricating proper-
ties, ILs also have immense potentials in MQL grinding.

1.3 The Tribological Mechanisms of Nanoparticles

on Grinding Interface under NMQL
The introduction of solid nanoparticles into grinding
interface under NMQL can cause new changes to the
formation mechanism of lubrication film between abra-
sive grain and workpiece. Currently, existing researches
mainly put forward the following four tribological

Property [BMIM]BF, [HMIM]BF, Vegetable oils
Thermal conductivity at 25 °C (W/(m-K)) 0.186 [27] 0.170[28] <0.170[29]
Heat capacity at 100 °C 1.66 [27] 2.68 [28] <2.60 [29]
(/(g-K))

Density at 20 °C (g/cm?) 1.26 [30] 1.15[31] <1.00[29]
Thermal decomposition onset (°C) 403 [30] 358 [31] About 300 [32]
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mechanisms for nanoparticles [37-40]. (1) Rolling
effect. Nanoparticles can transform the sliding fric-
tion between the abrasive grain and the workpiece into
rolling friction. (2) Filling effect. Nanoparticles can be
filled in the groove-like fractures on workpiece surface,
taking the effect of repairing surface of the workpiece.
(3) Polishing effect. Nanoparticles can play a polishing
role between the abrasive grain and the workpiece. (4)
Film effect. On one hand, chemical reaction film can be
formed on the abrasive grain/workpiece grinding inter-
face resulting from the chemical reactions between
nanofluid, abrasive grain and workpiece. On the other
hand, friction adsorption film can be formed resulting
from the tribological behaviors of nanoparticles on the
grinding interface, such as adsorption, extrusion, shear,
deformation, sliding and rolling.

However, owing to the difficulties of experimentally
observing the interactions between abrasive grain,
workpiece and droplets, the tribological mechanism
of nanofluids on the grinding interface are only specu-
lated from SEM, AFM, and EDS analyses of the post-
grinding surfaces of the workpiece and grinding wheel.
Although these speculations can explain some experi-
mental phenomenon, there are still lack of direct evi-
dences to reveal internal mechanisms from microscale
viewpoints. Systematic microscale study for abrasive
grain/workpiece grinding interface is still needed to
reveal the tribological mechanism of nanofluids on the
grinding interface. Molecular dynamics simulation is
an effective method to perform microscale research,
and can investigate the interactions from atomic scale.
The previous researches in Refs. [41, 42] have certified
its atomic-scale computational capacity for abrasive
grain/workpiece grinding interface.

To sum up, due to graphene and ILs both have excel-
lent heat transfer and lubricating properties and both
have great potential in MQL grinding, this research will
firstly investigate the MQL grinding performance of
graphene and ionic liquid mixed nanofluid (graphene/
IL nanofluid). Secondly, molecular dynamics simula-
tions for abrasive grain/workpiece grinding interface
will be performed to explore the formation mechanism
of physical adsorption film obtained from graphene/IL
nanofluid. Finally, EDS and XPS analyses of post-grind-
ing workpiece surfaces will be carried out to explore
the formation mechanism of chemical reaction film.
Based on the explorations, the tribological mechanism
of graphene/IL nanofluid on the grinding interface will
be further revealed.
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2 Experimental Schemes

Grinding experiments under NMQL, MQL, flood, and
dry conditions are carried out to investigate the MQL
grinding performance of graphene/IL nanofluid.

2.1 Preparation of Graphene/IL Nanofluids

Two kinds of ILs are used to prepare graphene/IL
nanofluids, which are 1-butyl-3-methylimidazolium
tetrafluoroborate, [BMIM]BEF,, and 1-hexyl-3-methylim-
idazolium tetrafluoroborate, [HMIM]BE,, respectively.
The ILs are produced by Qingdao Ionike New Material
Technology Co., Ltd. The graphene nanosheets have an
average diameter of 1-3 pm and average thickness of 1-5
nm, purchased from Nanjing XFNANO Materials Tech
Co.,Ltd. The graphene/IL nanofluids with 0.5 wt% of gra-
phene is prepared through two-step method, as shown
in Figure 1. Firstly, the quantitative graphene nanosheets
and ILs are weighed using JA503A electronic analytical
balance. Afterwards, the graphene nanosheets and ILs
are mixed and stirred for 3 min using DF-101Z magnetic
stirrer. Finally, the JP-020S ultrasonic assisted oscillator
is used to oscillate for 20 min with ultrasonic power of
120 W and oscillation frequency of 40 kHz. The graphene
nanosheets can be uniformly and stably dispersed in ILs
via the above operations. The graphene/[BMIM]BEF, and
graphene/[HMIM]BE, nanofluids will be abbreviated as
the GN/BB and GN/HB nanofluids in the following.

2.2 Experimental Set Up

Grinding experimental platform is built on K-P36
numerical control precision surface grinder, as shown in
Figure 2. The liquid supply equipment is KINS KS-2106
supply system, and it uses high-pressure pulse airflow to
drive piston pump to supply liquid. The supplied liquid
will be subsequently atomized in the atomization nozzle
by high pressure air, so as to form aerosol jet flow in high-
speed movement. A ceramic white corundum grinding
wheel is used in the experiments, of which the diameter
and the width are 300 mm and 20 mm, respectively. The
workpiece material is Ni-based superalloy GH4169, and
the workpiece size is 40 mm X 30 mm X 30 mm. Grinding
direction is along the workpiece length direction. Grind-
ing width is equal to the width of grinding wheel because
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Figure 1 Preparation process of graphene/IL nanofluids
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Figure 3 Grinding force and grinding temperature measurement
scheme

of the greater workpiece width than the grinding wheel.
Grinding force is measured by YDM- 11199 three-phase
dynamometer, and grinding temperature is measured by
WRNK-191 thermocouple, as shown is shown in Fig-
ure 3. Before the beginning of each grinding experiment,
the grinding wheel needs to be dressed. The specific
grinding process parameters are shown in Table 2.

2.3 Measurement Schemes

Grinding force and grinding temperature are measured
online. Grinding force is measured for 5-10 times under
each group of parameters, and the measured values are
averaged as the final result. The last measurement from
the thermocouple before worn out is taken as grind-
ing temperature measurement result, and the image
of a worn-out thermocouple is shown in Figure 4. The
VK-X1000 series shape measurement laser microscopic
system is used to measure workpiece surface roughness,
six positions are randomly selected for each workpiece,
and the measured values are averaged as the final result.
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Table 2 Grinding process parameters

Grinding parameters Parameter setting

Grinding mode Plane grinding

Grinding wheel 54A80F15VPHO04W

Grinder K-P36 surface grinder
Wheel speed (m/s) 30
Feed speed (mm/min) 600

Grinding depth (um) 10, 20, 30
Dry, Flood, MQL, NMQL

Flood: water-solute liquid, 5% concen-
tration

MQL: [BMIMIBF,, [HMIMIBF,

NMQL: GN/BB, GN/HB nanofluids

Flood flow rate (L/h) 60
MQL/NMQL flow rate (mL/h) 50
MQL/NMQL gas pressure (MPa) 0.6

Grinding conditions
Grinding fluids

MQL/NMQL nozzle dis- 17

tance (mm)

MQL/NMQL nozzle angle (°) 15

Workpiece GH4169, 40 mm X 30 mm X 30 mm
Dressing method Single-point diamond dresser
Dressing depth (um) 5

Dressing speed (mm/min) 600

T : S Y it X

Figure 4 Microscopic images of a worn thermocouple

3 MQL Grinding Performances of Graphene/IL
Nanofluids

Five parameters, i.e., specific grinding energy, grinding

force ratio, surface roughness, grinding temperature and

heat partition ratio, respectively, are used to quantita-

tively evaluate the MQL grinding performances of gra-

phene/IL nanofluids.

3.1 Specific Grinding Energy
The specific grinding energy indicates the energy
required to remove per unit volume of workpiece
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material. This energy reflects the consumed energy of
plasticity scratching and plowing in the grinding pro-
cess, and it is an important index of grinding process-
ing efficiency. The smaller grinding specific energy
means the better lubrication effect in the grinding zone.
The expression of specific grinding energy is shown in
Eq. (1):

Fi - vs

s = —,
e Vw- b

(1)
where F, is the tangential grinding force, v, is the grinding
wheel peripheral speed, v, is the workpiece feed speed,
a, is the grinding depth, and b is the grinding width.

The measured results of specific grinding energy
under different cooling and lubricating conditions are
shown in Figure 5. It can be seen that dry grinding
obtains the largest values of specific energy, and this
is inevitably in close relation with the lack of effective
cooling and lubrication. And under the three grinding
depths, NMQL conditions obtain lower values of spe-
cific energy compared with their corresponding MQL
conditions.

At the grinding depth of 10 um, NMQL condi-
tions obtain much smaller values of specific grinding
energy compared with flood and MQL conditions. In
this condition, the GN/BB nanofluid obtains the mini-
mum specific energy of 29.84 J/mm?®, and the GN/HB
nanofluid is 38.53 J/mm?. Compared with correspond-
ing MQL grinding conditions that using [BMIM]BE,
and [HMIM]BE, only, the GN/BB and GN/HB nano-
fluids can reduce specific grinding energy by 33.5%
and 49.9%, respectively. And specific grinding energy
is decreased by more than 55% compared with flood
grinding. The results indicate that the two ILs and their

150 4 1 Dry [] MQL-[BMIM]BF, [ MQL-[HMIM]BF,
[ Flood EEE NMQL-GN/BB nanofluid [l NMQL-GN/HB nanofluid

~ 125 J[ %
100

754

50+

Specific grinding energy (J/mm

25

10pum 20pm 30pum
Grinding depth

Figure 5 Measured results of specific grinding energy
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corresponding nanofluids have better lubrication per-
formance than flood lubrication.

When grinding depth increases to 20 pm, the specific
grinding energy under NMQL is close to flood condition.
MQL grinding with [BMIM]BE, obtains specific energy
of 89.08 J/mm?, and [HMIM]BF, obtains 91.28 J/mm?>,
While under NMQL, the GN/BB and GN/HB nanofluids
obtain values of 62.12 J/mm? and 71.45 J/mm?, reduced
by 30.3% and 21.7% compared with corresponding MQL
conditions. With the increase of grinding depth, the
grinding fluid entering the grinding zone decreases fur-
ther, which makes the lubrication performance of the two
ILs under the MQL condition is not as good as the flood
lubrication. The addition of graphene enhances the lubri-
cation performance of the ILs, ensuring that the lubri-
cation effect is comparable to flood lubrication even the
grinding fluid entering into the grinding zone is reduced.

At the grinding depth of 30 um, the increase of grind-
ing depth makes it more difficult for grinding fluid to
enter into the grinding zone under MQL and NMQL
conditions, which fails to achieve the desired lubrication
effect. The flood lubrication flow is huge, and enough
grinding fluid can enter into the grinding zone under the
three grinding depths, so as to maintain good lubrica-
tion effect. The specific grinding energy under NMQL is
slightly larger than that in flood grinding, however it is
still smaller than that under MQL that using pure IL only.

3.2 Grinding Force Ratio

Grinding force ratio is the ratio between tangential force
(Fp and normal force (F,). And the smaller grinding force
ratio indicates the better lubrication effect in the grind-
ing zone. The measured results of grinding force ratio are
shown in Figure 6. It can be found that NMQL conditions

MQL-[BMIM]BE, [ MQL-[HMIM]BF,
NMQL-GN/BB nanofluid EE NMQL-GN/HB nanofluid
.8
s
8
2 -
504 -} m
o
203
S
0.2
0.1+
0.0 [ 3%
10um 20pm

Grinding depth
Figure 6 Measured results of grinding force ratio
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obtain the least force ratios, and better lubrication effect
can be obtained at smaller grinding depths.

At the grinding depth of 10 pm, the grinding force
ratios of GN/BB and GN/HB nanofluids are 0.12 and
0.15, respectively, reduced by 42.1% and 46.4% compared
with corresponding MQL conditions that using [BMIM]
BF, and [HMIM]BE, only. Compared with flood grind-
ing, grinding force ratios decrease by more than 75%
under NMQL.

At the grinding depth of 20 pm, MQL grinding with
[BMIM]BE, and [HMIM]BE, obtain force ratios of 0.36
and 0.32, respectively. Once graphene nanosheets are
added, grinding force ratio can be further decreased. The
GN/BB and GN/HB nanofluids obtain force ratios of 0.26
and 0.29, respectively, reduced by 16.7% and 9.4% com-
pared with corresponding MQL conditions.

At the grinding depth up to 30 um, although the wet-
ting area decreases due to the increasing difficulty of
nanofluid droplets entering into the grinding interface,
grinding force ratios under NMQL are still smaller than
those under flood and MQL grinding conditions.

3.3 Surface Roughness

Figure 7 displays the measured results of workpiece sur-
face roughness at the grinding depth of 30 um. It can be
seen that the surface roughness in dry grinding is the
largest, and the least surface roughness is obtained from
the NMQL condition using GN/BB nanofluid. In this
condition, the values of R, and R, obtained from GN/
BB nanofluid are 0.7658 um and 7.6808 pm, decreased
by 16.3% and 16.1% compared with corresponding MQL
condition that using [BMIM]BF, only. The values of R,
and R, in NMQL grinding with GN/HB nanofluid are
0.8392 pm and 8.5308 um, and they are reduced by 11.0%
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Figure 7 Measured results of surface roughness (a, = 30 pm)
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and 16.1% compared with corresponding MQL condi-
tion that using [HMIM]BEF, only. Compared with flood
grinding, both values of R, and R, under NMQL can be
reduced by more than 20%.

3.4 Grinding Temperature

Figure 8 displays the SEM pictures of workpiece
machined surface morphology. It can be found that there
is a very obvious grinding burn phenomenon in dry
grinding, as shown in Figure 8(a). Whereas under flood
(Figure 8(b)), MQL (Figure 8(c) and (d)) and NMQL
(Figure 8(e) and (f)) conditions, grinding burn is hardly
found. This indicates that both MQL and NMQL condi-
tions can significantly reduce grinding temperature so as
to avoid surface burn compared with dry grinding.

At the grinding depth of 30 pm, the measured results
of grinding temperature under different conditions are
shown in Figure 9. The measuring range of the ther-
mocouples is no more than 415 °C. As the maximum
temperature under dry grinding exceeds the range, the
temperature curve under dry condition in Figure 9 is
obtained from fitting the measured temperature signals
within the measuring range. It can be seen that the fitted
maximum grinding temperature is 426 °C. The measured
maximum temperature under flood condition is 167.9 °C.
In MQL grinding, the maximum temperatures obtained
from [BMIM]BF, and [HMIM]BE, are 330.1 °C and

Figure 8 SME images of workpiece machined surface (a,=30 um):
a Dry, b Flood, ¢ MQL-[BMIM]BF,,, d NMQL-GN/BB nanofluid, e
MQL-[HMIM]BF,, f NMQL-GN/HB nanofluid



Wang et al. Chinese Journal of Mechanical Engineering (2023) 36:78

450

—Dry

Flood

- — -MQL-[BMIM]BEF,
—-—-MQL-[HMIM]BF,

----------- NMQL-GN/BB nanofluid
—— NMQL-GN/HB nanofluid

300 4

Temperature rise ©C)

150

0 3 6 9 12 15
Time (s)

Figure 9 Measured results of grinding temperature (g, = 30 pm)

321.1 °C, respectively, which are lowered about 100°C
compared with dry grinding. In NMQL grinding, the
maximum temperatures obtained from GN/BB and GN/
HB nanofluids are 270.8 °C and 295.4 °C, respectively,
which are further lowered by 18.0% and 8.0% compared
with corresponding MQL grinding conditions. On one
hand, this is because the addition of graphene nanosheets
improves the tribological performance of MQL technol-
ogy, thereby reducing the generation of grinding heat.
On the other hand, graphene nanosheets enhance heat
conduction (Table 3) and convective heat transfer in the
grinding zone, thereby strengthening the heat transfer
ability of MQL technology. The combined effect of the
two aspects makes graphene/IL nanofluid further lower
grinding temperature compared with using pure IL only.

3.5 Heat Partition Ratio

Heat partition ratio R, is a critical parameter for thermal
analysis of grinding, and it is defined as the ratio between
the grinding heat transferred into the workpiece ¢,, and
the total grinding heat ¢, which can be expressed as R,, =
q.,/q. The smaller heat partition ratio is, the less heat will
be transferred into the workpiece, and the better cool-
ing performance under this condition. The total grinding

Table 3 Thermal conductivity of ILs and graphene/IL nanofluids

Grinding fluid Thermal
conductivity at
25 °C (W/(m-K))

[BMIM]BF, 0.163

[HMIM]BF, 0.170

GN/BB nanofluid 0217

GN/HB nanofluid 0214

Measured by TC3000E thermal conductivity instrument
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heat g and the heat transferred into the workpiece g,, can
be calculated from Eqgs. (2) and (3) [43]:

Fivg
- blc ’ (2)
k V1/2
qw = %Tmax’ (3)
Qw ¢

where [, is the length of grinding zone, and can be
obtained from [, = (a,d,)"?, d, is the diameter of grinding
wheel, k, is the workpiece thermal conductivity, 8 indi-
cates a constant and its value depends on the heat source
profile, for triangular heat source its value is 1.06, a,, is
the thermal diffusivity of workpiece, and can be calcu-
lated from a, =(k,p,,c.)"% p,, and c, are density and spe-
cific heat capacity, for GH 4169 their values are 8.24 g/m>
and 451.2 J/(kg-°C), obtained from Ref. [44], T, is the
workpiece maximum temperature rise, and can be calcu-
lated from T, ,=T,,—T;,, and

T, is the measured maximum grinding temperature,

. is the ambient temperature.

The measured results of heat partition ratio are shown
in Figure 10. It can be seen that flood grinding obtains
the minimum heat partition ratio of 0.36, and the maxi-
mum heat partition ratio of 0.58 is obtained in dry grind-
ing. In general, the heat partition ratio in dry grinding is
more than 0.7 when corundum grinding wheel is used.
This indicates that the fitted maximum grinding temper-
ature in dry grinding, i.e., 426 °C, should be lower than
the actual condition. In MQL grinding, the heat partition
ratios from [BMIM]BF, and [HMIM]BF, are 0.51 and
0.57. Under NMQL, the heat partition ratios from GN/
BB and GN/HB nanofluids are 0.49 and 0.55, lowered by

0.7
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Figure 10 Results of heat partition ratio (g, = 30 um)
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3.9% and 3.5% compared with corresponding MQL con-
ditions. However, in the case of flood grinding, the heat
partition ratio is only 0.36. This indicates that the heat
transfer ability of NMQL technique is still insufficient
compared with conventional flood grinding.

It can be ascertained that the cooling effect of NMQL is
indeed better than that of MQL, however its heat transfer
ability is not reaching ideal status compared with flood
grinding. This is mainly because the droplet flow rate
entering into the grinding zone is too little, which hardly
achieves the level in flood grinding. The reason for that
the addition of graphene nanosheets into ILs can fur-
ther lower grinding temperature, mainly depends on the
improvement of tribological properties of base fluids,
thus lowering the heat generation in the grinding zone.

In summary, under the condition at shallow grinding
depth, better lubrication performance can be obtained
in MQL grinding that using IL only, compared with flood
grinding. As grinding depth increases, it is more difficult
for spray droplets to enter into abrasive grain/workpiece
grinding interface, resulting in the insufficient lubrication
performance. Once graphene nanosheets are introduced,
the values of the five parameters can be further reduced.
In short, graphene/IL nanofluid can strengthen both the
cooling and lubricating performance of the MQL tech-
nique that using IL only.

4 Formation Mechanism of Lubrication Film

on Grain/Workpiece Grinding Interface

under NMQL with Graphene/IL Nanofluid
The evaluation of MQL grinding performance shows
that NMQL grinding with graphene/IL nanofluids not
only can strengthen the heat transfer ability of MQL
technique, but also can further improve the tribological
performances of friction reducing and anti-wear. This
indicates that the introduction of graphene nanosheets
make changes to the formation mechanism of the lubri-
cation film on abrasive grain/workpiece grinding inter-
face. This section firstly performs molecular dynamics
simulations of abrasive grain/workpiece interface to
explore the formation mechanism of physical adsorption
film resulting from graphene/IL nanofluid. Afterwards,
EDS and XPS analyses of workpiece machined surface
are carried out to explore the formation mechanism of
chemical reaction film.

4.1 Molecular Dynamics Simulation of Abrasive Grain/
Workpiece Grinding Interface

Molecular dynamics simulations are performed in

LAMMPS, and are visualized in OVITO. The establish-

ment scheme of molecular dynamics model is shown in

Figure 11. In addition to NQML condition that using gra-

phene/IL nanofluid, the simulation under MQL condition
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Figure 11 Molecular dynamics model

that using [BMIM]BF, only is also performed to act as
control group for subsequent comparative analyses.

4.1.1 Geometric Models

Single crystal Ni-Fe-Cr series of Ni-based alloy is used as
workpiece material which possesses face-centered cubic
(FCCQ) structure with lattice constant of 0.352 nm [45].
The element composition and content of the workpiece
are shown in Table 4. In order to simplify the model, the
portions of Ni, Fe and Cr atoms are set to be 52%, 30%
and 18%, respectively. The workpiece is modeled as the
cuboid shape with the size of 30 nmXx 11 nmX 5 nm,
and it is successively divided into boundary, thermostat
and newton layers along the positive direction of z axis,
as shown in Figure 12. The thicknesses of boundary and
thermostat layers both are set to be 0.5 nm.

The abrasive grain material is single crystal Al,O, with
corundum lattice structure. The Al,O; grain is modeled
to be the quadrangular frustum pyramid shape. The side
length of the top face is 16 nm, and the height is 4 nm,
as shown in Figure 13(a). Its side faces are modeled to be
uneven, and its wear flat face is modeled with groove-like
fractures. This modeling is consistent with the actual sta-
tus of the abrasive grains on the surface of ceramic white
corundum grinding wheel, as shown in Figure 13(b). The
abrasive grain model is also divided into boundary, ther-
mostat and newton layers along the negative direction of
z axis. And the boundary and thermostat layers also both
are 0.5 nm in thickness.

The establishment of [BMIM]BF, liquid film can also
be found in the previous research [42]. There is total 380
[BMIM]BE, molecules to form ijonic liquid film, ran-
domly distributed in an 10 nm X 10 nm X 2 nm simula-
tion box, as shown in Figure 14(a). The ionic liquid film is
divided into thermostat and newton layers. The thermo-
stat layer is set to be a square shape with side length of 1
nm, and it is located in the center of the ionic liquid film,
as shown in Figure 14(b). The rest atoms all belong to the
newton layer.

The establishment of GN/BB nanofluid film needs to
obtain the models of graphene nanosheet and [BMIM]
BF, molecule firstly. The optimal configuration of
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Table 4 Element composition and content [46]

Element Ni Cr Mo Si Mn Co
Content 50-55 17-21 2.8-33 035 035 1.0
Element Al Nb Fe S C Cu
Content 0.2-0.8 4.7-55 remainder 0.01 0.08 03

@ Ni atoms
Cr atoms
@ Fe atoms

Newtonian layer
Thermostat layer
Boundary layer

Figure 12 Workpiece model

Boundary layer
8 a Thermostat layer

® Al Newtonian layer
16nm

Figure 13 Establishment of abrasive grain model: a Abrasive grain
model, b Optical microscope image of grinding wheel surface

[BMIM]BEF, molecule has been acquired in the previ-
ous research [41], as shown in Figure 15(a). The ABA-
stacked trilayer graphene is modeled in LAMMPS. Its
length and width are both 3nm, and its interlayer spac-
ing is 0.335 nm, as shown in Figure 15(b). Afterwards,
the trilayer graphene and 380 [BMIM]BF, molecules
are randomly mixed in an 10 nm X 10 nm X 2 nm sim-
ulation box to form GN/BB nanofluid film, as shown
in Figure 15(c). The nanofluid film is also divided into

Th?-mostat layer
’ ly)_' ‘Newtonian layer

(b)
Figure 14 Establishment of ionic liquid film model: a [BMIM]BF,
liquid film, b Thermostat layer setting

[BMIM]-
@
. 0.33$nm
;\éa
& @

]
@ :/;' Fumy 3nm
P BF,

9
(a (b)

Figure 15 Establishment of GN/BB nanofluid film model: a [BMIM]
BF, molecule model, b Trilayer graphene model, ¢ GN/BB nanofluid
film

thermostat and newton layers, using the same setting
method as ionic liquid film.

4.1.2 Simulation Details

During molecular dynamics simulations, the length and
height directions of the workpiece are both set as fixed
boundary conditions, and the width direction is set as
periodic boundary condition. Each simulation can be
divided into the relaxation, descent and grinding stages,
and the time steps in each stage are all 1 fs. The simu-
lation details in each stage are almost the same as the
previous research [42], except the following settings. In
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the descent stage, the depth of abrasive grain penetrating
into the workpiece is 2 nm. And in the grinding stage, the
total grinding distance of abrasive grain is 10 nm.

4.1.3 Potential Functions

The interactions of atoms in Al,O; grain, workpiece,
and IL can be described with Vashishta potential func-
tion [47], EAM potential function [48] and all-atom force
field [49], respectively. The interactions of atoms between
abrasive grain and workpiece can be described with
Morse potential function, which is expressed with Eq. (4):

E — Do[efmx(rfro) _ 26705(7'7}"0)], (4)

where D, and a scale the strength and scope of the inter-
action, respectively, r, is the atomic equilibrium distance.
The Morse potential parameters are listed in Table 5.

The interactions of atoms in the trilayer graphene
include intra- and inter-layer interactions. The intra-layer
interactions can be described with the Tersoff potential
function [51], which has been integrated into LAMMPS
and can be invoked directly. The inter-layer interactions
can be described with Lennard-Jones potential function,
which is expressed with Eq. (5):

N 12_ o 6
E(ry) = s o - , (5)
Ul Y

where oy is the distance parameter that represents the
equilibrium distance between atoms i and j, ¢; is the
energy parameter, and r;; is the distance between the two
interacting atoms. For the inter-layer C—C interactions,
the values of € and o are set to be 2.964 meV and 3.407 A,
respectively, and the cutoff radius is set to be 10 A [52].

Besides the interactions within graphene sheet and
IL, the interactions of atoms in the nanofluid film also
include the interactions between them, which can also
be described with Lennard-Jones potential function. The
Lennard-Jones potential parameters are listed in Table 6,
obtained from the UFF force field model in Ref. [53]. And
the cutoff radius of these Lennard-Jones interactions is
set to be 15 A.

Table 5 Morse potential parameters [50]

Workpiece Abrasive D, (eV) a(1/h) ro (A)
grain

Ni Al 033713 12924 2.8083
0 0475 1398 3.238
Al 033589 12767 28376

Fe o] 0473 1382 3.275

Cr Al 0.34541 1.3685 28199
o] 0487 1474 3.698
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Table 6 Lennard-Jones parameters for interactions between
graphene sheet and ionic liquid

Graphene lonic liquid £(eV) a(A)

C N 0.003691 3.3458
C 0.0045532 34309
H 0.0029475 3.001
B 0.0059616 3.5342
F 0.003142 32139

The interactions of atoms between nanofluid film and
abrasive grain, and between nanofluid film and work-
piece, can also be described with Lennard-Jones potential
function. And the Lennard-Jones potential parameters
are listed in Table 7, also obtained from the UFF force

Table 7 Lennard-Jones parameters for interactions between
nanofluid film and the rest atoms

Nanofluid film Workpiece Grain £(eV) a(A)
lonic liquid N Al 0.008095 3.6344
@) 0.00279 3.1894
Ni 0.001395 2.8927
Fe 0.001395 2.9769
Cr 0.001299 29275
C Al 0.009986 3.7195
0 0.003442 3.2745
Ni 0.001721 29778
Fe 0.001721 3.062
Cr 0.001602 3.0126
H Al 0.006464 3.2896
@) 0.002228 2.8446
Ni 0.001114 2.548
Fe 0.001114 26322
Cr 0.001037 25827
B Al 0.013074 3.8228
0 0.004507 33778
Ni 0.002253 3.0812
Fe 0.002253 3.1654
Cr 0.002098 3.1159
F Al 0.006891 3.5026
O 0.002375 3.0576
Ni 0.001188 2.7609
Fe 0.001188 2.8451
Cr 0.001106 2.7956
Graphene C Al 0.009986 3.7195
O 0.003442 3.2745
Ni 0.001721 29778
Fe 0.001721 3.062
Cr 0.001602 3.0126
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field model in Ref. [53]. The cutoff radius of all these
interactions also is set to be 15 A.

4.1.4 Results and Discussions
(1) Grinding Force and Grinding Force Ratio

Under NMQL using graphene/IL nanofluid, the con-
tact states on the abrasive grain/workpiece grinding
interface at different grinding distances are provided in
Figure 16. It can be found that the whole grinding process
can be divided into the following two grinding stages: I
and IL In grinding stage I, the interlayer shear effect of
the trilayer graphene occurs within the grinding distance
of 4.7 nm, as shown in Figure 16(a). In grinding stage II,

Grinding direction

S$=0.5nm —> S=1.5nm ——> S$=2.5nm

V)

S=4¥nm €<——— S=4.5nm <—— S=3.5nm

Grinding direction

(b)

Figure 16 The contact states on abrasive grain/workpiece grinding
interface: a Stage I: interlayer shear effect occurs, b Stage II: interlayer
shear effect ends
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the interlayer shear effect is over, corresponding to the
residual grinding stroke of the abrasive grain, as shown
in Figure 16(b).

In the two grinding stages above, the calculated results
of tangential grinding force and grinding force ratio
under MQL and NMQL conditions are shown in Fig-
ure 17. It can be discovered from Figure 17(a) and (b)
that during stage I with the occurrence of interlayer shear
effect, the average tangential force in NMQL grinding is
268.14 nN, and is reduced by 10.8% compared with MQL
grinding. During stage II that the interlayer shear effect
is over, the average tangential force in NMQL grinding
is 296.69 nN, and this value is very close to that in MQL
grinding. However, the average tangential force in NMQL
grinding during stage II is 10.6% larger than that during
stage 1. This indicates that the interlayer shear effect of
graphene nanosheets is closely related to the reduction
of tangential grinding force. From Figure 17(c) and (d),
it can be found that the interlayer shear effect also has
an important influence on grinding force ratio. During
stage I in NMQL grinding, the force ratio is 0.3794, while
it is 0.3952 during stage II, 4.2% larger than that in stage
I. During stage I with the occurrence of interlayer shear
effect, the grinding force ratio under NMQL condition
decreases about 1.6% compared with MQL condition.
The experimental results in Figure 6 also show that the
grinding force ratio under NMQL condition decreases
somewhat compared with MQL condition. This indicates
that the graphene nanosheets can successfully enter into
the grinding interface and can provide good lubrication
performance. The simulations obtain similar qualitative
laws with experimental results, which can be concluded
that graphene nanosheets utilize its interlayer shear
effect to enhance the lubricating performance of the
MQL technique.

As pointed in the previous research [42], [BMIM]BE,
molecules absorb in the groove-like fractures on grain
wear flat face to form boundary lubrication film between
abrasive grain and workpiece, as shown in Figure 18(a).
As the introduction of graphene nanosheet, it can enter
into abrasive grain/workpiece grinding interface so as to
reduce the contact area between the abrasive grain and
the workpiece, as shown in Figure 18(b). In this condi-
tion, the friction force between the abrasive grain and the
workpiece can be expressed as

Fr = 1,As + tgndgn + 14}, (6)

where 7, is the shear strength of workpiece material, A, is
the contact area between abrasive grain and workpiece,
Ty, is the interlayer shear strength of graphene, A, is
the action area of graphene, 7; is the viscous resistance
of IL, A, is the action area of lubricating film. Compared
with MQL grinding using IL only, NMQL grinding with
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Figure 17 Calculations of tangential grinding force and grinding force ratio: a Evolution of tangential grinding force, b Average tangential grinding
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Figure 18 The boundary lubrication status on the abrasive grain/workpiece grinding interface: a MQL grinding, b NMQL grinding
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graphene/IL nanofluid can reduce the contact area A,,
and the reduced area is just equal to the action area of
graphene A,,. The interlayer shear strength of graphene
is much lower than the shear strength of workpiece mate-
rial, and this mainly induces the reduction of tangential
grinding force in NMQL grinding.

Although there are some discrepancies between the
experimental and the simulated results of grinding force
and grinding force ratio, similar qualitative law can be
obtained that the interlayer shear effect of graphene
can further strengthen the tribological performance on
abrasive grain/workpiece grinding interface. This can
also prove the correctness of the molecular dynamic
simulations.

(2) Grinding Temperature

Figure 19 depicts the grinding temperature distribu-
tions under MQL and NMQL conditions, where Fig-
ure 19(a) and (b) are at grinding distance of 1.5 nm that
the interlayer shear effect occurs, and Figure 19(c) and (d)
are at grinding distance of 6 nm that the interlayer shear
effect is over. It can be discovered that high temperature
region is mainly located near the cutting edge of abrasive
grain. At the grinding distance of 1.5 nm, the area of high

Temperature
M6s0K

I[)K

Temperature
PGS0K

Im(

Temperature
650K

IOK

Temperature
650K

IOK

Figure 19 Grinding temperature distributions: a NMQL grinding
at the distance of 1.5 nm, b MQL grinding at the distance of 1.5 nm,
¢ NMQL grinding at the distance of 6 nm, d MQL grinding at the
distance of 6 nm

(d
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temperature region under NMQL is reduced clearly com-
pared with MQL. However, at the grinding distance of 6
nm, the area under NMQL is only slightly reduced. This
indicates once again that the enhancement of lubricating
performance induced by the interlayer shear effect has an
important influence on lowering grinding temperature.

(3) Lattice Structure Evolution

Grinding force and grinding heat fundamentally result
from the evolution of initial FCC lattice structure of
workpiece material transformed into other lattice struc-
tures under the jostling action of abrasive grain, lead-
ing to the nucleation and propagation of dislocations.
Therefore, the evolution of internal lattice structure of
workpiece is analyzed with the PTM method, as shown
in Figure 20, so as to revel the effect mechanism of gra-
phene nanosheet on reducing grinding force and grind-
ing temperature.

The initial lattice structure of workpiece mate-
rial is FCC structure, and the action of external force
induces the occurrence of lattice deformation, lattice

' Amorphous structure
® Hcp
® BCC
@® Fcc

Grinding direction
f—————— 3

Abrasive grain

(@

O Amorphous structure
® HCP

Grinding direction
T

Abrasive grain

(b)

2 Amorphous structure
® Hcp
® BCC

Grinding direction
EEE——————)

Abrasive grain

(d

Figure 20 The internal lattice structures of workpiece: a NMQL
grinding at the distance of 1.5 nm, b MQL grinding at the distance of
1.5 nm, ¢ NMQL grinding at the distance of 6 nm, d MQL grinding at
the distance of 6 nm
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reconfiguration and amorphous phase transition inside
the workpiece during the grinding process. The variations
of lattice structures lead to the fluctuations of grinding
force and the distribution of grinding temperature. Dur-
ing the grinding process, the abrasive grain jostles work-
piece material and obliges orderly arranged workpiece
atoms to be disordered. This causes the initial FCC lattice
structure mostly transformed into amorphous and HCP
structures, and a small part transformed into BCC struc-
ture. The phase transformations of internal lattice struc-
ture are mainly generated underneath grain wear flat face
and ahead of grain cutting edge, as shown in Figure 20.
The amorphous structures will mostly be transformed
into other lattice structures as the grinding process
continues, and a small part will be removed along with
grinding chips.

At the grinding distance of 1.5 nm that the interlayer
shear effect of graphene occurs, the lattice structures of
the workpiece under NMQL and MQL conditions are
provided in Figure 20(a) and (b). It can be observed that
the HCP lattice structure under NMQL is much less than
MQL, especially underneath the abrasive grain where the
graphene nanosheet exists, these phase transformations
are generated mainly by the jostling action of abrasive
grain. During the phase transformation, the atomic strain
of workpiece material increases continuously, and once
the atomic strain exceeds the threshold of thermody-
namic phase transformation, the atoms of workpiece will
be in a quasi-stable state. As the atomic strain increases
continuously, the initial FCC lattice structure will be in a
state of absolute instability, and can lead to the mutations
of mechanical quantities. In order to relax lattice strain,
dislocations will nucleate and propagate to release partial
strain energy, causing the fluctuation of grinding force
and the generation of grinding heat. From Figure 20(a)
and (b), it can be obtained that the interlayer shear effect
of graphene can reduce the external force acting on the
workpiece from the abrasive grain, so as to maintain the
relative stability of workpiece atoms, resulting in lower-
ing grinding force and grinding heat.

Figure 20(c) and (d) show the lattice structure distribu-
tions inside the workpiece at the grinding distance of 6
nm that the interlayer shear effect is over. It can be found
that HCP structure is generated underneath the abrasive
grain in NMQL grinding, whereas they are not appeared
at the grinding distance of 1.5 nm. This once again ascer-
tains the important influence of the interlayer shear effect
on reducing grinding force between abrasive grain and
workpiece.

From the molecular dynamics simulations, it can be
concluded that boundary lubrication film is also formed
on abrasive grain/workpiece interface in NMQL grind-
ing with graphene/IL nanofluid. Besides IL molecules
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absorbing in the groove-like fractures on grain wear flat
face, graphene nanosheet can enter into the interface
between abrasive grain and workpiece to decrease their
contact area. Benefitting from the interlayer shear effect
of graphene and its much lower interlayer shear strength
than workpiece material, the lubricating performance on
abrasive grain/workpiece grinding interface can be fur-
ther enhanced, resulting in lower grinding force, grind-
ing heat, and thus grinding temperature, compared with
MQL grinding using IL only.

4.2 EDS and XPS Analyses of Workpiece Machined
Surfaces

The formation mechanism of physical adsorption film
resulted from graphene/IL nanofluid has already been
revealed through molecular dynamics simulation. This
section will perform EDS and XPS analyses of work-
piece machined surfaces to research the distribution and
valence states of chemical elements, so as to explore the
formation mechanism of chemical reaction film on abra-
sive grain/workpiece grinding interface under NMQL
with graphene/IL nanofluid.

The Zeiss Merlin field emission scanning electron
microscope (FE-SEM) attached with energy dispersive
X-ray spectroscopy (EDS) system is used to perform
SEM and EDS analyses, so as to analyze the distribution
of chemical elements. The PHI5000 Versaprobe III X-ray
photoelectron spectroscopy (XPS) analyzer is used to
analyze the valence states of chemical elements. Before
the analyses, all the specimens are immersed in alcohol
and subsequently cleaned by ultrasonic oscillator. For
each specimen, each analysis will be performed at least
three detecting positions.

4.2.1 Distribution of Chemical Elements on Workpiece
Machined Surface

The results of EDS analyses of workpiece machined sur-
faces in NMQL grinding are presented in Figure 21. It
can be discovered from the SEM images that dark gray
patches exist on the machined surfaces, of which the
sizes are equivalent to the diameter (1-3 um) of graphene
nanosheets used in grinding experiments. Further EDS
analyses indicate that carbon elements gather within the
patches in high density. Therefore, it can be determined
that the dark gray patches are graphene nanosheets. This
clearly indicates that graphene nanosheets can enter into
abrasive grain/workpiece grinding interface successfully,
and can be ‘welded’ on the workpiece machined surface
under the actions of high temperature and high pressure.
This phenomenon can also be obtained from the molecu-
lar dynamics simulations, as shown in Figure 22.
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Figure 21 The results of EDS analyses of workpiece machined
surfaces in NMQL grinding: a GN/BB nanofluid, b GN/HB nanofluid

Top view of
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Figure 22 Phenomenon of welded graphene layers from molecular
dynamics simulation

It can also be found from Figure 21 that those chemical
elements such as O, B, N, and F, are detected on work-
piece machined surface, however those elements are not
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contained in workpiece material. Therefore, it can be
reasonably speculated that workpiece material happens
chemical reactions with graphene/IL nanofluids during
NMQL grinding, producing fluorides and nitrides. The
oxides should be produced by air oxidation of workpiece
machined surface. In the following research, XPS analy-
ses of workpiece machined surfaces are further carried
out to validate this speculation.

4.2.2 Valence States of Chemical Elements on Workpiece
Machined Surface

The results of XPS analyses in NMQL grinding with
GN/BB nanofluid are provided in Figure 23. The bind-
ing energy peaks of Ni 2p appear at 854.7 eV and 872.7
eV, and both are ascribed to NiO. Two obvious binding
energy peaks of Fe 2p locate at 709.9 eV and 711.4 eV,
corresponding to Fe,O; and FeF,, respectively. One of
Cr 2p binding energy peaks at 579.8 eV is assigned to
CrF;, and the other two peaks at 579.8 eV and 587.1 eV
are both attributed to Cr,O;. Two binding energy peaks
of F 1s at 684.9 eV and 685.5 eV belong to FeF, and CrF,,
respectively. The binding energy peaks of N 1s and B 1s
are 191.0 eV and 398.6 eV, and both are corresponding
to BN. From the XPS analyses above, it can be concluded
that during NMQL grinding with GN/BB nanofluid, the
negative and positive ions of [BMIM]BF, will decompose
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Figure 23 XPS spectra of workpiece machined surface in NMQL

grinding with GN/BB nanofluid
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under the actions of high temperature and high pressure,
and react with workpiece material, producing fluorides
and nitrides, such as FeF,, CrF;, and BN. The metallic
oxides, such as NiO, Fe,O; and Cr,0O;, are produced by
air oxidation due to the high chemical activity of fresh
machined surface of workpiece.

The XPS spectra of workpiece machined surface using
GN/HB nanofluid are depicted in Figure 24. It can be dis-
covered that Ni element exists in the form of NiO, and B
and N elements exist together in BN. For Cr and Fe ele-
ments, they exist not only in their respective oxides of
Cr,04 and Fe,O;, but also in fluorides of CrF; and FeF,.
Therefore, it can be concluded that [HMIM]BE, also
happens chemical reactions with workpiece material,
and thus FeF,, CrF;, and BN are produced. The metal-
lic oxides are also produced by air oxidation of fresh
machined surface of workpiece.

From the EDS and XPS analyses above, it can be sum-
marized that only IL base fluid happens chemical reac-
tions with workpiece material in NMQL grinding with
graphene/IL nanofluid. Graphene nanosheets are not
involved in chemical reactions, and can be ‘welded’ on
workpiece machined surface by physical adsorption, play-
ing a role in filling and repairing the machined surface, so
as to reduce the surface roughness of the machined sur-
face. The chemical reactions between IL and workpiece
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Intensity (a.u.)
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Figure 24 XPS spectra of workpiece machined surface in NMQL
grinding with GN/HB nanofluid
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material can produce fluorides and nitrides, and metal-
lic oxides can also be produced by air oxidation of fresh
machined surface. These fluorides, nitrides and oxides
together constitute chemical reaction film with low shear
strength and excellent friction-reducing and anti-wear
properties [54—56].

5 Conclusions

(1) Compared with MQL grinding using ionic liquid
(IL) only, NMQL grinding with graphene/IL nano-
fluid can further strengthen both the cooling and
lubricating performances. In terms of lubrication,
graphene/IL nanofluid can reduce specific grind-
ing energy and grinding force ratio by over 40%
at grinding depth of 10 um, and can lower surface
roughness by over 10% at grinding depth of 30 pm,
compared with using IL only. In terms of cooling,
graphene/IL nanofluid can lower grinding tempera-
ture over 50 C at grinding depth of 30 pm, com-
pared with using pure IL only. However, the heat
transfer ability of NMQL is still insufficient com-
pared with flood grinding.

(2) Abrasive grain/workpiece grinding interface is in
a boundary lubrication state under NMQL with
graphene/IL nanofluid. On one hand, IL mol-
ecules absorb in groove-like fractures on grain
wear flat face to form boundary lubrication film.
On the other hand, graphene nanosheets can enter
into the grinding interface to further decrease the
contact area between abrasive grain and work-
piece. The interlayer shear effect and low interlayer
shear strength of graphene nanosheets can further
enhance the lubricating performance on the grind-
ing interface, resulting in lower grinding force,
grinding heat and thus grinding temperature, com-
pared with MQL using IL only.

(3) Chemical reactions between base fluid and work-
piece material happen in NMQL grinding with gra-
phene/IL nanofluid, by which fluorides and nitrides
can be produced, such as FeF, CrF; and BN.
Metallic oxides, such as NiO, Cr,04 and Fe,O,, can
also be produced by air oxidation of fresh machined
surface of workpiece. The fluorides, nitrides and
oxides together constitute chemical reaction film,
possessing low shear strength and excellent fric-
tion-reducing and anti-wear properties. Graphene
nanosheets are not involved in the chemical reac-
tions during the grinding process.
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